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Photocatalytic Water Oxidation Under Visible Light Irradiation By 
A Pyrochlore Oxide: Rhodium Substitution Into Yttrium Titanate 
Borbala Kiss, Christophe Didier, Timothy Johnson, Troy D. Manning, Matthew S. Dyer, Alexander J. 
Cowan, John B. Claridge, James R. Darwent and Matthew J. Rosseinsky* 
Abstract: A stable visible light-driven photocatalyst ( 450 nm) for 
water oxidation is reported. Rhodium substitution into the pyrochlore 
Y2Ti2O7 is demonstrated through observation of Vegard’s law 
evolution of the unit cell parameters with Rh content, to a maximum 
content of 3% dopant. Substitution renders the solid solutions visible 
light active. The overall rate of oxygen evolution is comparable to 
WO3 but with superior light harvesting and surface area normalised 
turnover rates, making Y2Ti1.94Rh0.06O7 an excellent candidate for 
use in a Z-scheme water splitting system. 
The photocatalytic splitting of water by visible light using 
semiconductor materials has been proposed as a route to 
sustainable hydrogen generation.[1] Of the systems available, Z-
scheme photocatalysis offers several advantages over single 
particle photocatalysis or photoelectrocatalysis.[2] The Z-scheme 
system is inspired by natural photosynthesis in which two 
separate photocatalysts are linked by a shuttle redox mediator. 
In an artificial Z-scheme, each of the water splitting half-
reactions is performed separately on each of the catalysts. Z-
scheme systems lower the energy required for photocatalysis as 
the valence and conduction band edges of the individual 
photocatalysts do not have to straddle the reduction potentials of 
H+/H2 and O2/H2O as they do for a single particle photocatalyst. 
In this way a wider range of visible light can be used. Importantly 
using the Z-scheme approach, water splitting can take place in a 
simple reactor without the requirement for potentially costly 
electrode connections and transparent conducting supports. The 
production of oxygen is a critical step in solar fuels production 
and is a requirement for any photocatalytic water splitting 
system. This half of the water splitting process is more 
challenging since it typically involves a four-electron process and 
powerful oxidizing species which can lead to breakdown of the 
photocatalyst. It is also essential for photo-electrolysis. Whilst 
significant effort has been expended on developing visible light 
active hydrogen generating photocatalysts,[3] only a very limited 
number of stable, visible light active oxygen evolving 
photocatalysts are known.[4] Monoclinic WO3 has been 
extensively studied as an oxygen generating photocatalyst and 
is generally used as the standard comparative material due to its 
commercial availability and reasonable performance.[5] However 
WO3 has a relatively large band gap (2.6 eV) limiting its 
absorption of visible light to < 480 nm. Nanostructured BiVO4 
(Eg ~2.4 eV) [6] has been shown to photocatalytically generate 
oxygen under visible light irradiation and has a similar activity to 
WO3.[7] Oxynitride perovskites have also displayed photocatalytic 
oxygen generation[8] but are less stable to photocorrosion than 
oxide materials unless OH- is removed in situ by the addition of 
La2O3.[9] Recently Ag3PO4 has been demonstrated as a highly 
efficient oxygen evolving photocatalyst[10] though questions 
remain over its stability under reaction conditions.[11] Therefore 
to enable the development of an efficient Z-scheme for water 
splitting new stable, efficient, visible light active oxygen evolving 
photocatalysts are urgently required as highlighted in the recent 
review by Ma et al.[12] 
The first reported photocatalyst for water splitting under 
ultraviolet (UV) radiation was TiO2.[13] As a consequence, 
considerable attention has been given to titanium oxides, 
including the perovskite SrTiO3 which also possesses 
photocatalytic activity for water splitting under UV irradiation.[14] 
Several substitutions for Ti have been evaluated in order to 
render these materials active under visible light,[15] with Rh 
reported as one of the most effective;[15b] SrTi1-xRhxO3 with Pt co-
catalyst in an aqueous CH3OH solution is a highly-active 
hydrogen evolving photocatalyst under visible light, and has 
been used with BiVO4 or with WO3 in a Z-scheme to split water 
with visible light.[16] Calculations[17] suggest that Rh Eg states are 
located within the conduction band in SrTi1-xRhxO3, allowing 
visible light excitation from the Rh T2g to generate delocalized 
electrons which evolve hydrogen, however the formation of Rh4+ 
inter-gap states, that act as a recombination center for 
photoexcited carriers, can inhibit hydrogen evolution. 
The A2B2O7 pyrochlore structure (Figure 1a) consists of 
corner-sharing BO6 octahedra with A cations in a 2+6 
environment; there is one B-O-B angle which is around 135°.[18] 
The rare-earth R2Ti2O7 pyrochlores thus have some structural 
similarities with perovskite SrTiO3, which also features a corner-
sharing TiO6 octahedral network but with angles much closer to 
180°. Pyrochlore is an important ternary oxide type which 
sustains a range of functions and is extensively tuneable by 
substitution.[18]  Abe et al. have shown that pyrochlore Y2Ti2O7 
with NiOx co-catalyst can be successfully used as a 
photocatalyst for water splitting under UV light, with a band gap 
of 3.5 eV.[19] As this gap is much larger than that of SrTiO3, 
(3.2 eV), the Rh-derived Eg states in Y2Ti2-xRhxO7 may sit just 
below the conduction band edge and thus become localised, 
potentially acting as recombination states or becoming 
photocatalytically inactive to hydrogen generation. The extensive 
chemical tuneability of pyrochlore suggests that suitable 
substitutions would enhance its photocatalytic properties and 
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open up new directions in the synthesis of photocatalysts. This 
communication reports the phase-pure pyrochlore Y2Ti2-xRhxO7 
solid solution series and demonstrates its stable visible light  
 
 
Figure 1. (a)  Unit cell of the pyrochlore structure projected along the [101] 
direction, with the 6-coordinate Ti4+ sites represented by a network of grey 
corner-sharing octahedra, and Y3+ and O2- ions represented by black and 
white spheres respectively. (b) Enlargement of the powder XRD patterns of 
Y2Ti2-xRhxO7 with 0 ≤ x ≤ 0.2 at the base of the peaks, showing impurities for 
x > 0.06. The main peaks (x  0) denote the phase-pure cubic pyrochlore; 
impurities are indicated on the x = 0.2 doped sample: # Rh; o TiO2; + Y2O3; 
* YRhO3. (c) Le Bail whole pattern fitting of Y2Ti1.98Rh0.02O7, with LaB6 as an 
internal standard. 
activity as an oxygen evolving photocatalyst. Experiments in 
suspension establish this material as a promising candidate for 
inclusion in a Z-scheme, but we also note that Y2Ti2-xRhxO7 is a 
potential photoanode. 
The powder XRD patterns of the Y2Ti2-xRhxO7 samples, 
prepared by solid-state synthesis, with 0 ≤ x ≤ 0.2, are shown in 
Figure S1 and Figure 1b. All the samples contain a pyrochlore 
phase. However, as the comparison between Figure S1 and 
Figure 1b emphasizes, it is easy to miss crystalline impurities 
without a finer examination of the pattern. Non-pyrochlore peaks 
are observed for doping levels higher than x = 0.06, which have 
been assigned to Rh metal,[20] rutile TiO2,[21] Y2O3[22] and 
perovskite YRhO3.[23] The presence of metallic rhodium results 
from conversion of Rh2O3 to the metal at temperatures above 
1100 ºC.[24] This suggests that x = 0.06 is the maximum amount 
of rhodium that can be inserted into the pyrochlore Y2Ti2O7; 
however one cannot exclude the presence of impurities that are 
not visible from XRD. A superior proof of Rh substitution into the 
pyrochlore structure is the evolution of the unit cell dimensions 
upon substitution (Vegard’s Law[25]). 
 
Figure 2. Unit cell parameter of Y2Ti2-xRhxO7 determined from whole pattern 
fitting using the Le Bail method, using an LaB6 internal standard. Error bars 
are 3  e.s.d obtained from the refinement procedure, with Berar's factor 
included to ensure correlations are appropriately accounted for. Dashed lines 
are guides to the eye. 
An internal standard was thus added in order to permit 
precise and accurate lattice parameter determination. The unit 
cell parameter of the pyrochlore Y2Ti2-xRhxO7 were derived from 
whole pattern fitting using the Le Bail method. An example of the 
refinement profile is given in Figure 1c. The derived evolution of 
cell parameters with Rh concentration (Figure 2) is linear to 
x = 0.08, after which the unit cell parameter is constant. This 
behavior confirms the insertion of rhodium into the pyrochlore 
structure at these concentrations. Since the x = 0.08 sample was 
not phase-pure, x = 0.06 is the maximum amount of Rh that can 
be substituted into Y2Ti2O7 under the synthetic conditions used 
here. The ionic radii of Rh4+ (0.615 Å[26] or 0.60 Å[27] though the 
latter is based on values from a number of metallic oxides) and 
Ti4+ (0.605 Å)[27] are very close, whilst that of Rh3+ (0.665 Å)[27] is 
significantly larger. The unit cell parameter changes observed 
are expected to be comparatively small in any solid solution 
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based on isovalent substitution, consistent with rhodium being 
present as Rh4+. Substitution of Rh for Y is unlikely as the size 
difference between these cations is significant (1.019 Å for 
Y3+),[27] and eight-fold or higher coordination for rhodium ions is 
very unusual. This substitution would also generate excess Y2O3 
in the phase assemblage, which is not observed below the 
solubility limit (Figure 1). The possibility of substitution of Rh for 
Y in the Y2Ti2O7 pyrochlore can thus be safely excluded. 
The UV-visible absorption spectra, derived from the 
conversion of the diffuse reflection spectra, of Y2Ti2-xRhxO7 
(0 ≤ x ≤ 0.06) are shown in Figure 3a. The parent Y2Ti2O7 has a 
measured indirect band gap of 3.71 eV (Figure S8) and does not 
absorb visible light.[19, 28] Substitution of Rh into Y2Ti2O7 
produces significant changes in the spectral response, with a 
red-shift of the absorption edge, together with the presence of 
two entirely new visible absorption features, giving light 
absorption down to 700 nm (Figure 3a, Figure S9).  
Visible absorption peaks in Rh4+ substituted SrTiO3 are 
associated with d-d transitions between Rh states just above the 
valence band and to a Rh inter-gap state and the conduction 
band.[15b, 17, 29] DFT calculations of the density of states (DOS) of 
Y2Ti1.75Rh0.25O7 (Figure 3b) reveal that, in addition to the inter-
gap and near valence band states, Rh d-states are also manifest 
just below the conduction band of Y2Ti2O7 upon Rh substitution. 
The computed DOS suggests that the lowest energy aborption 
feature (560 nm) results from a d-d transition from Rh d-states 
just above the valence band to the inter-gap state, and that the 
feature at 420 nm is a transition from the valence-band-edge to 
inter-gap state. The shift in absorption edge to lower energy 
cannot be attributed to a change in the fundamental O 2p – Ti 3d 
band gap, which remains almost unchanged in calculations. 
Rather a combination of transitions involving the localised Rh d-
states just above the valence band, and those just below the 
conduction band have energies lower than the fundamental 
band gap, and effectively reduce the energy of the adsorption 
edge. On this basis the spectra have been fitted to two Gaussian 
peaks, an exponential function for the Urbach tail and a power-
law dependant absorption edge (see ESI Section 8 for details) 
with a red-shift of the absorption edge to 3.12 eV for x = 0.06 
and a tail that extends into the visible. The visible light activity of 
Y2Ti2-xRhxO7 arises from one or more of the transitions arising 
due to the incorporation of Rh and leading to absorption in the 
visible region. 
The Y2Ti2-xRhxO7 series  were investigated as photocatalysts 
for the evolution of H2 and O2 from water with visible light. No H2 
evolution was detected under visible light illumination using a 
300 W Xenon lamp with 420 nm cut-off filter for any material, 
with or without co-catalyst. The materials did however display 
visible light activity for O2 generation. 
 
Figure 3. (a) UV-visible absorption derived from diffuse reflection spectra of 
Y2Ti2-xRhxO7 (0  ≤  x  ≤  0.06); (b) The DOS of Y2Ti2O7 (dotted line) and 
Y2Ti1.875Rh0.125O7 (solid line) are plotted along with the partial DOS projected 
onto the Ti 3d (mid-grey shaded), Rh 4d (black shaded) and O 2p (light grey 
shaded) orbitals of Y2Ti1.875Rh0.125O7 using the energy of the Ti 3s states as a 
common reference energy. The computed valence band edge (VBE) and 
conduction band edge (CBE) of Y2Ti2O7 are indicated as vertical lines, along 
with the calculated Fermi energy of Y2Ti1.875Rh0.125O7 (c) Rate of O2 generation 
using Y2Ti2-xRhxO7 under visible light. 0.1 g of catalyst; no co-catalyst; 20 mL, 
0.05 M AgNO3(aq); 300 W Xe lamp ( > 420 nm, <2.95 eV) 
The O2 evolution rate, measured with a Clark electrode,[5, 
30] for unloaded Y2Ti2-xRhxO7 (0 ≤ x ≤ 0.06) is represented in 
Figure 3c. The x = 0 and x = 0.02 materials did not show visible 
light activity. However, visible light photocatalytic O2 evolution is 
observed for samples with x  0.04. The activity increases up to 
x > 0.06 where it reaches a plateau Y2Ti1.94Rh0.06O7 displays 
excellent recyclability with no significant change in oxygen 
evolution rate over three cycles (Figure 4). The samples were 
examined by SEM and PXRD (Figure S2-S3) before and after 
the photocatalytic measurements and no indication of 
photocorrosion was observed. Oxygen evolution rates for both 
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WO3, studied as a benchmark, and Y2Ti1.94Rh0.06O7 were 
confirmed by the widely used GC methodology using the same 
solution conditions as for the Clark electrode experiments and 
400 ± 5 nm irradiation (Figure S4). Turnover rates per unit mass 
(TORm) and per unit surface area (TORs) have been suggested 
as useful comparisons between photocatalytic materials.[31] 
TORm for Y2Ti1.94Rh0.06O7 and WO3 are similar (73 and 
71 µmol/g/h respectively, Table S4). However there was a 
significant difference in TORs. The commercial WO3 
nanopowder has a BET surface area of 9.1 m2/g giving TORs = 
7.9 µmol/m2/h; Y2Ti1.94Rh0.06O7 has a surface area of 3.2 m2/g 
giving TORs = 22.8 µmol/m2/h (Table S4). This suggests that 
increasing the surface area of Y2Ti1.94Rh0.06O7 by using 
alternative synthetic methods may further increase the 
photocatalytic activity of the material. For example sol-gel routes 
for Y2Ti2O7 have been reported by several groups.[32] Apparent 
quantum efficiency values are given in Table S3: Y2Ti1.94Rh0.06O7 
is superior to WO3 at 450 nm and comparable at 400 nm at the 
illumination conditions used. 
 
Figure 4. Recyclability of Y2Ti1.94Rh0.06O7 oxygen evolution photocatalyst; 
Catalyst, 0.1 g; no co-catalyst; 20 mL 0.05 M AgNO3(aq); light source, 300 W 
Xe lamp  > 420 nm cut-off filter. The grey lines mark where the O2 reaction 
rate was measured (mol/min). 
The addition of co-catalysts for water oxidation is a widely 
employed approach to enhance photocatalytic activity. In 
addition to the pure catalysts the effect of  five of the most widely 
studied co-catalysts (Pt0, Ru0, NiO, RuO2, Rh2-yCryO3), identified 
to enhance the photocatalytic activity of other oxides for 
hydrogen and/or oxygen evolution, was investigated.[8] Protocols 
for co-catalyst loadings are provided in electronic supplementary 
information. Only the 1 % RuO2 loaded Y2Ti1.94Rh0.06O7 showing 
a slight enhancement of the evolution rate (7.6 mol/h) (Table 
S1, Figure S10-S11). Similarly an enhanced O2 rate was 
reported for RuO2/WO3.[30a] Interestingly Ru metal loading 
(Figure S11) resulted in a large drop of the O2 evolution activity. 
This inhibiting mechanism of Ru0 in O2 evolution has also been 
reported for Ru0/WO3.[30a]  It is in fact not uncommon for co-
catalyst to reduce activity for O2 evolution.[33,34] Decreased 
photocatalytic activity in the presence of a co-catalyst is typically 
proposed to be due to increased electron-hole recombination 
losses, with either the co-catalysts themselves acting as 
recombination centres[33] or the deposition process leading to 
surface modifications and the formation of undefined 
recombination sites. 
Advances in semiconductor materials for light-driven proton 
reduction to H2 and for CO2 reduction to carbon based fuels 
such as CH3OH have led to an urgent requirement for improved, 
stable, visible light active water oxidation photocatalysts. Here 
we demonstrate that Y2Ti2-xRhxO7 (0.04 ≤ x ≤ 0.06) is an efficient 
visible light photocatalyst for the generation of oxygen from 
water without the need for a co-catalyst. This opens the 
pyrochlore structure class for wider use as a photoelectrode and 
in Z-schemes for solar fuels production. 
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